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SYSTEM AND METHOD FOR
CONTROLLING AN EXHAUST GAS
RECIRCULATION SYSTEM

FIELD OF THE INVENTION

The present invention relates generally to internal combus-
tion engines including an exhaust gas recirculation (EGR)
system, and more specifically to systems and methods for
selectively trapping exhaust gas 1n, and releasing exhaust gas
from, an EGR system.

BACKGROUND

When a fueling rate of fuel supplied to an internal combus-
tion engine 1s rapidly reduced to a mimimum engine fueling
rate, the tlow rate of intake air entering the engine may for
some time period remain undesirably high. The resulting high
air-to-fuel ratios cause the engine to produce exhaust gas
having high oxygen concentration. In engines that include an
exhaust gas recirculation (EGR) system, this then causes high
oxygen content exhaust gas to circulate through the EGR
system. When the fueling rate 1s thereaiter increased above
the minimum engine fueling rate, the NOx content of the
exhaust gas produced by the engine may spike to a higher than
desired level due to the high oxygen content of the exhaust gas
being circulated through the EGR system. It is therefore
desirable to control the EGR system in a manner that reduces
the amplitude of NOx spikes resulting from engine transient
events.

SUMMARY

The present mvention may comprise one or more of the
features recited in the attached claims, and/or one or more of
the following features and combinations thereof. A method 1s
provided for controlling an exhaust gas recirculation (EGR)
system comprising an EGR conduit coupled between an
exhaust manifold and an intake manifold of an internal com-
bustion engine. The method may comprise trapping exhaust
gas produced by the engine within the EGR system 1n
response to detection of a first operating condition that 1s
indicative of a minimum engine fueling rate, and releasing the
trapped exhaust gas from the EGR system into the intake
manifold of the engine 1n response to detection of a second
operating condition that 1s indicative of a subsequent increase
in engine fueling rate above the minimum engine fueling rate.

The EGR system may further comprise an EGR valve
disposed in-line with the EGR conduit. Trapping exhaust gas
produced by the engine 1n the EGR conduit may then com-
prise controlling the EGR valve to a closed position so that
exhaust gas that 1s within the EGR conduit when the EGR
valve 1s closed 1s trapped within the EGR conduit. Releasing,
the trapped exhaust gas from the EGR system into the intake
manifold may comprise controlling the EGR valve to at least
a partially open position to allow exhaust gas tlow through the
EGR conduit.

In one 1llustrative embodiment, the first operating condi-
tion may correspond to disengagement of a clutch positioned
between the engine and a transmission having a number of
manually selectable gear ratios. The second operating condi-
tion may correspond to engagement of the clutch following
the disengagement of the clutch.

In another 1illustrative embodiment, a fuel system may be
operatively coupled to the engine. In this embodiment, the
first operating condition may correspond to a requested fuel
value being at or near the mimimum engine fueling rate. The
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requested fuel value may correspond to a flow rate fuel
requested to be delivered by the fuel system to the engine. The
second operating condition may correspond to the requested
fuel value increasing above the minimum engine fueling rate.

In yet another illustrative embodiment, an accelerator
pedal may be manually actuatable between a reference posi-
tion, corresponding to the minimum engine fueling rate, and
a Tully depressed position, corresponding to a maximum
engine fueling rate. In this embodiment, the first operating
condition may correspond to the reference position the accel-
erator pedal. The second operating condition may correspond
to a position of the accelerator pedal that 1s between the
reference position and the fully depressed position.

In still another illustrative embodiment, an engine com-
pression brake may be operatively coupled to the engine. In
this embodiment, the first operating condition may corre-
spond to activation of the engine compression brake. The
second operating condition may correspond to an 1ncrease n
the engine fueling rate following subsequent deactivation of
the engine compression brake.

A Tuel system may be operatively coupled to the engine.
The first operating condition may correspond to a requested
tuel value being at or near a predefined engine fueling rate and
a rate of change of the requested fueling rate being above a
predefined fueling rate value. The requested fuel value may
correspond to a tlow rate fuel requested to be delivered by the
fuel system to the engine. The second operating condition
may correspond to the requested fuel value increasing above
the minimum engine fueling rate.

A system for controlling recirculation of exhaust gas to an
internal combustion engine may comprise an exhaust gas
recirculation (EGR) conduit having one end fluidly coupled
to an exhaust manifold of the engine and an opposite end
fluidly coupled to an intake manifold of the engine, an EGR
valve disposed in-line with the EGR conduit, an EGR valve
actuator responsive to a close signal to close the EGR valve,
and to an open signal to at least partially open the EGR valve,
and a control circuit. The control circuit may include a
memory having instructions stored therein that are executable
by the control circuit to trap exhaust gas 1n the EGR conduit
by producing the close signal upon detection of a first oper-
ating condition that 1s indicative of a minimum engine fueling
rate, and to release the trapped exhaust gas from the EGR
conduit into the intake manifold of the engine by producing
the open signal upon detection of a second operating condi-
tion that 1s indicative of a subsequent increase in engine
fueling rate above the minimum engine fueling rate.

In one illustrative embodiment, the system may further
comprise a fuel system configured to supply fuel to the
engine. The instructions stored 1n the memory unit may fur-
ther include instructions that are executable by the control
circuit to produce a requested fuel value corresponding to a
flow rate of fuel requested to be delivered by the fuel system
to the engine. The first operating condition may correspond to
the requested fuel value being at the minimum engine fueling
rate, and the second operating condition may correspond to
the requested fuel value being above the minimum engine
fueling rate.

In another illustrative embodiment, the system may further
comprise an accelerator pedal that 1s movable between a
reference position that corresponds to the minmimum engine
tueling rate and a fully depressed position that corresponds to
a maximum engine fueling rate, and an accelerator pedal
position sensor configured to produce an accelerator pedal
position signal corresponding to a position of the accelerator
pedal relative to the reference position of the accelerator
pedal. The first operating condition may occur when the
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accelerator pedal position signal indicates that the accelerator
pedal 1s 1n the reference position, and the second operating
condition may occur when the accelerator pedal position
signal indicates that the accelerator pedal 1s between the
reference position and the fully depressed position.

In yet another illustrative embodiment, the system may
turther comprise a transmission having a number of manually
selectable gear ratios, a clutch that 1s manually movable
between an engaged position and a disengaged position, and
a clutch position sensor configured to produce a clutch posi-
tion signal corresponding to a position of the clutch. The first
operating condition may occur when the clutch position sig-
nal indicates that the clutch 1s 1n the disengaged position, and
the second operating condition may occur when the clutch
position signal indicates that the clutch 1s 1n the engaged
position.

In still another 1illustrative embodiment, the system may
turther comprise an engine compression brake configured to
selectively apply a retarding force to the engine. The first
operating condition may correspond to activation of the
engine compression brake, and the second operating condi-
tion may correspond to an increase in the engine fueling rate
tollowing subsequent deactivation of the engine compression
brake.

A method 1s provided for controlling an exhaust gas recir-
culation (EGR) system comprising an EGR conduit fluidly
coupled between an exhaust manifold and an intake manifold
of an internal combustion engine. The method may comprise
trapping exhaust gas produced by the engine within the EGR
system 1n response to disengagement of a clutch positioned
between the engine and a transmission having a number of
manually selectable gear ratios, and releasing the trapped
exhaust gas from the EGR system into the intake manifold of
the engine 1n response to subsequent engagement ol the
clutch.

The EGR system may further comprise an EGR valve
disposed in-line with the EGR conduit. Trapping exhaust gas
produced by the engine 1n the EGR conduit may comprise
controlling the EGR valve to a closed position so that exhaust
gas that 1s within the EGR conduit when the EGR valve 1s
closed 1s trapped within the EGR conduit. Releasing the
trapped exhaust gas from the EGR system into the intake
manifold may comprise controlling the EGR valve to at least
a partially open position to allow exhaust gas flow through the
EGR conduit.

A system for controlling recirculation of exhaust gas to an
internal combustion engine may comprise an exhaust gas
recirculation (EGR) conduit having one end fluidly coupled
to an exhaust manifold of the engine and an opposite end
fluidly coupled to an intake manifold of the engine, an EGR
valve disposed in-line with the EGR conduit, an EGR valve
actuator responsive to a close signal to close the EGR valve,
and to an open signal to at least partially open the EGR valve,
a transmission having a number of selectable gear ratios, a
clutch positioned between the engine and the transmission,
the clutch being movable between engaged and disengaged
positions, and a control circuit. The control circuit may
include a memory having instructions stored therein that are
executable by the control circuit to trap exhaust gas in the
EGR conduit by producing the close signal when the clutch is
disengaged, and to release the trapped exhaust gas from the
EGR conduit into the intake manifold of the engine by pro-
ducing the open signal when the clutch 1s engaged.

The system may further comprise a clutch position sensor
configured to produce a clutch position signal corresponding
to a position of the clutch. The instructions stored in the
memory unit may further include instructions that are execut-
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able by the control circuit to process the clutch position signal
to determine whether the clutch 1s disengaged or engaged.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagrammatic illustration of one illustrative
embodiment of a system for controlling operation of an EGR
system of an internal combustion engine.

FIG. 2 1s a flowchart of one 1llustrative embodiment of a
process for controlling operation of an EGR system of an
internal combustion engine.

FIG. 3 1s a plot of NOx produced by an internal combustion
engine along with operational states of some operating
parameters over time demonstrating the effect of the process
of FIG. 2 on NOx produced by the engine.

DESCRIPTION OF THE ILLUSTRATIV.
EMBODIMENTS

L1l

For the purposes of promoting an understanding of the
principles of the mvention, reference will now be made to a
number of illustrative embodiments shown in the attached
drawings and specific language will be used to describe the
same.

Referring now to FIG. 1, a diagrammatic illustration 1s
shown of one illustrative embodiment of a system 10 for
controlling an exhaust gas recirculation system 335. In the
illustrated embodiment, the system 10 include an internal
combustion engine 12 having an intake manifold 14 fluidly
coupled to an outlet of a compressor 16 of a conventional
turbocharger 18 via an intake conduit 20. The compressor 16
includes a compressor inlet coupled to an intake conduit 22
for receiving fresh air. The turbocharger compressor 16 1s
mechanically coupled to a turbocharger turbine 24 via a rotat-
ing drive shait 26, and the turbine 24 includes a turbine 1nlet
fluidly coupled to an exhaust manmifold 28 of the engine 12 via
an exhaust conduit 30. The turbine 24 includes a turbine outlet
fluidly coupled to ambient via an exhaust conduit 32. It will be
understood that the turbocharger 18 1s not required for opera-
tion of the system 10 for purposes of this disclosure, and this
disclosure accordingly contemplates embodiments of the
system 10 that may not include the turbocharger 18.

The system 10 further includes an exhaust gas recirculation
(EGR) system 35 including an EGR valve 36 or other tlow
restriction disposed 1n-line with an EGR conduit 34 that 1s
fluidly coupled at one end to the intake conduit 20 and an
opposite end to the exhaust conduit 30. An EGR cooler 38 of
known construction may optionally be disposed in-line with
the EGR conduit 34 between the EGR valve 36 and the intake
conduit 20 as shown 1n phantom in FIG. 1, or between the
exhaust conduit 30 and the EGR valve 36. In the latter
embodiment, the EGR valve 36 may illustratively be posi-
tioned such that the exhaust gas outlet thereof 1s at or near the
junction of the EGR conduit 34 and the intake conduit 20,
although alternative positioning of the EGR valve 36 1 this
embodiment 1s contemplated.

In the embodiment illustrated 1n FIG. 1, the system 10
further 1includes a conventional clutch 40 that 1s operatively
coupled at one end to the engine 12 and at an opposite end to
one end of a conventional transmission 42 that has a number
of manually selectable gear ratios. A tail shaft or propeller
shaft 44 1s rotatably coupled to the transmission 42 and
extends rearwardly from an opposite end of the transmission
42. The number of manually selectable gear ratios of the
transmission 42 may be engaged and disengaged 1n a conven-
tional manner via a manually actuatable gear shift lever (not
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shown) under manual control of an operator of the vehicle
carrying the engine 12, clutch 40 and transmission 42.

The system 10 further includes a control circuit 50 that 1s
generally operable to control and manage the overall opera-
tion of the engine 12. The control circuit 50 includes a
memory unit 35 as well as a number of inputs and outputs for
interfacing with various sensors and systems coupled to the
engine 12. The control circuit 50, 1s i1llustratively micropro-
cessor-based, although this disclosure contemplates other
embodiments in which the control circuit 50 may alterna-
tively be or include a general purpose or application specific
control circuit capable of operation as will be described here-
inafter. In any case, the control circuit 50 may be a known
control unit sometimes referred to as an electronic or engine
control module (ECM), electronic or engine control unit
(ECU) or the like. Illustratively, the memory 55 of the control
circuit 50 has stored therein one or more sets of nstructions
that are executable by the control circuit 50, as will be
described 1n greater detail hereinafter, to control the operation
of the EGR system 35.

The control circuit 30 includes a number of inputs for
receiving signals from various sensors or sensing systems
associated with system 10. The control circuit 50 1s generally
operable 1n a conventional manner to sample the signals pro-
duced by the various sensors or sensing systems and to pro-
cesses the sampled signals to determine the associated engine
operating condition. For example, the system 10 includes a
conventional clutch pedal 46 that 1s mechanically coupled to
the clutch 40 via a mechanical linkage, L, and that includes a
clutch pedal position sensor 60 that 1s electrically connected
to a clutch pedal position input, CL, of the control circuit 50
via a signal path 62. The clutch pedal position sensor 60 1s
configured to produce a clutch position signal on the signal
path 62 that 1s indicative of the position of the clutch pedal 46
relative to a reference position. Illustratively, the clutch pedal
46 1s normally 1n a clutch engaged position, and the reference
position of the clutch pedal 46 i1s in this case the clutch
engaged position. In the clutch engaged position, as 1s known
in the art, the clutch 40 mechanically engages the engine 12
with the transmission 42. The clutch pedal 46 1s manually
actuatable by an operator of the vehicle to a clutch disengaged
position. In the clutch disengaged position, as 1s known in the
art, the clutch 40 mechanically disengages the engine 12 from
the transmission 42 so that, for example, a transmission shift
can occur whereby a different one of the number of manually
selectable gear ratios of the transmission 42 may be manually
selected. In the illustrated embodiment, the clutch pedal posi-
tion sensor 60 may be, for example, a switch that produces
either a clutch engaged signal or a clutch disengaged signal
depending upon the operational state of the clutch 40. Alter-
natively, the clutch pedal position sensor 60 may be 1mple-
mented as a conventional analog position sensor, and the
control circuit 50 may be programmed 1n a conventional
manner to process the analog signal produced by such a
sensor 60 to determine clutch engaged and clutch disengaged
operating conditions.

The system 10 further includes an accelerator pedal 54
mechanically coupled to an accelerator pedal position sensor
56 that 1s electrically connected to an accelerator pedal posi-
tion mput, AP, of the control circuit 50 via a signal path 58.
The accelerator pedal 54 1s manually actuatable between a
reference position and a fully depressed position, and the
accelerator pedal position sensor 56 1s configured to produce
an accelerator position signal on the signal path 58 that i1s
indicative of the position of the accelerator pedal 54 relative
to the reference position. Illustratively, the accelerator pedal
54 1s normally biased to its reference position which corre-
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6

sponds to an un-actuated or un-depressed position, and the
reference position of the accelerator pedal 54 results 1n a
minimum engine fueling rate, e.g., that which results 1 an
engine 1dle condition. The fully depressed position of the
accelerator pedal 54 conversely results 1n a maximum engine
tueling rate. Illustratively, the accelerator pedal position sen-
sor 56 1s implemented as a conventional analog position sen-
sor, and the control circuit 50 1s programmed 1n a conven-
tional manner to process the analog signal produced by the
accelerator pedal position sensor 56 to determine a position of
the accelerator pedal 34 relative to the reference accelerator
pedal position.

The system 10 further includes a number of actuators for
controlling one or operational aspects of the engine 12. For
example, the EGR system 35 includes an EGR valve actuator
64 that 1s operatively coupled to the EGR valve 36, and an
EGR valve position sensor 68 that 1s operatively coupled to
the EGR valve actuator 64. The EGR valve actuator 64 1s
clectrically coupled to an EGR valve control output, EGRC,
of the control circuit 50 via a signal path 66. The EGR valve
position sensor 68 1s electrically connected to an EGR valve
position mput, EGRP, of the control circuit 30 via a signal
path 70. The EGR valve actuator 64 is responsive to EGR
valve control signals produced by the control circuit 50 at the
EGRC output to control the position of the EGR valve 36
relative to a reference position. For example, the EGR valve
actuator 64 1s responsive to a close signal produce by the
control circuit 50 at the EGRC output to close the EGR valve
36 so that no exhaust gas can flow through the EGR conduait
34. Closing the EGR valve 36 causes any exhaust gas that 1s
within the EGR system 35, including the EGR conduit 34 and
the EGR cooler 38 1n embodiments that include the EGR
cooler 38, when the EGR wvalve 36 1s closed to become
trapped within the EGR system 35. The EGR valve 36 1s
turther responsive to an open signal to at least partially open
so that exhaust gas can then flow from the exhaust manifold
28 to the intake manifold of the engine 12 via the exhaust gas
conduits 3 and 34 and via the intake conduit 20. At least
partially opening the EGR valve 36 further causes any
exhaust gas previously trapped within the EGR system 35 to
be released into the intake manifold 14 of the engine 12 via
the intake conduit 20.

The EGR valve position sensor 68 1s a conventional sensor
that 1s configured to produce a position signal on the signal
path 70 that corresponds to the position of the EGR valve 36
relative to the reference position. The control circuit 50 1s
operable, using known feedback control techniques, to con-
trol the EGR valve 36 to a desired EGR valve position by
producing a corresponding EGR valve control signal, EGRC,
on the signal path 66 based on the EGR valve position signal,
EGRP, produced by the EGR valve position sensor 68 on the
signal path 70. By controlling the position of the EGR valve
36, the control circuit 50 1s operable to control selective
trapping and release of exhaust gas within and from the EGR
system 33.

The system 10 further includes a conventional engine com-
pression brake 72 that 1s operatively coupled to the engine 12,
and that 1s electrically coupled to the control circuit 50 via a
number, K, of signal paths 74, wherein K may be any positive
integer. The engine compression brake 72 1s responsive to
control signals produced by the control circuit 50 on the one
or more signals paths 74 to produce or apply a corresponding
retarding force that decreases the rotational speed of the
engine 12. Illustratively, the engine compression brake 72 1s
operable, under the control of the control circuit 50, to selec-
tively control the opening and closing times of one or more
cylinder exhaust valves (not shown) via control of one or
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more corresponding cylinder valve actuators (not shown) to
resultantly apply a braking or retarding force to the engine 12.
An engine compression brake operation selector 76 1s located
in the cab area of the vehicle and includes a plurality of

.

switches used to enable operation of the engine compression
brake 72 and to control operation of the engine compression
brake 72. For example, the engine compression brake opera-
tion selector 76 includes an ON/OFF switch 78 that 1s elec-
trically connected to an engine compression brake enable
input, ECBE, of the control circuit 50 via a signal path 80.
When the switch 78 1s in the ON position, the engine com-
pression brake 72 1s enabled for operation, and when the
switch 78 1s in the OFF position, operation of the engine
compression brake 72 1s disabled. Additional switches 82 are
provided to allow for control of a relative amount of retarding
force applied by the engine compression brake 72 when acti-
vated, and these switches are electrically connected to an
engine compression brake position input, ECBP, of the con-
trol circuit 50 via a number, M, of signal paths 84, wherein M
may be any positive integer. In the 1llustrated embodiment,
three such switches, L., M and H, are provided to provide for
user control of the engine compression brake 72 between
corresponding low, medium and high engine retarding force
settings. Alternatively, a single, three-position switch may be
implemented in place of the three switches, L, M and H. In the
illustrated embodiment, the engine compression brake 72 1s
enabled for operation when the ON/OFF switch 78 1s 1n the
ON position, and the engine compression brake 72 1s acti-
vated 11 enabled and the engine fueling rate then drops to a
mimmum fueling rate, €.g., to an engine idle condition. This
operational scenario occurs when, for example, the operator
causes the accelerator pedal 54 to return to 1ts reference
position from a position other than the reference position,
such as when braking, shifting to a different gear ratio of the
transmission, or the like.

The system 10 further includes a fuel system 86 that 1s
clectrically connected to a fuel command output, FC, of the
control circuit 50 via anumber, N, of signal paths 88, wherein
N may be any positive integer. The fuel system 86 1s generally
responsive to the fueling commands produced by control
circuit 50 on the signal paths 88 to supply fuel, via one or
more fuel injectors (not shown), to the engine 12, and the
control circuit 50 1s configured to produce such fueling com-
mands 1n a manner well-known 1n the art.

The fueling commands produced by the control circuit 50
are produced under the control of at least one fuel control
algorithm stored 1n the memory unit 35 and executed by the
control circuit 50. The at least one fuel control algorithm 1s
configured to compute the fueling commands as a function of
a number of engine operating conditions as 1s known in the
art. One such engine operating condition 1s a requested fuel-
ing value, RQF. The requested fueling value, RQF, 1s a con-
ventional fueling value that represents user-requested fuel-
ing, €.g., via user actuation of the accelerator pedal 534 and/or
user-setting of a conventional cruise control unit (not shown),
which may be further limited or modified by one or more
conventional algorithms resident within the memory 35 and
executed by the control circuit 50. For purposes of this docu-
ment, the requested fuel value, RQF, generally corresponds to
a request for delivery of fuel by the fuel system 86 to the
engine 12. The requested fuel value, RQF, may range between
a minimum engine fueling rate, e.g., that which results in an
engine 1dle condition, and a maximum engine fueling rate,
¢.g., a maximum allowable fueling rate.

Referring now to FIG. 2, a flowchart 1s shown of one
illustrative embodiment of a process 100 for controlling
operation of the EGR system 35. The process 100 1s 1llustra-
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tively provided 1n the form of instructions that are stored in
the memory unit 55 and that are executable by the control
circuit 50 to control the flow of exhaust gas through the EGR
system 35, 1.¢., to control the position of the EGR valve 36 to
selectively trap and release exhaust gas within and from the
EGR system 35.

The process 100 begins at step 102, and thereatfter at step
104 the control circuit 50 1s operable to monitor an operating,
condition, OP ., that may trigger trapping of exhaust gas in the
EGR system 35. Thereaiter at step 106, the control circuit 50
1s operable to determine whether OP - 1s indicative of a mini-
mum engine fueling rate. Illustratively, the minimum engine
fueling rate 1s a fueling rate that results 1n an engine 1dling
condition, although the minimum engine fueling rate may
alternatively correspond to an engine fueling rate that 1s near,
¢.g., within a threshold value of, the minimum engine fueling
rate. In any case, if the control circuit 50 determines at step
106 that the operating condition, OP ., 1s not indicative of the
minimum engine fueling rate, the process 100 loops back to
step 104. IT instead the control circuit 50 determines at step
106 that the operating condition, OP ., 1s indicative of the
minimum engine fueling rate, the process 100 advances to
step 108 where the control circuit 50 1s operable to control the
EGR valve 36 to a closed position to thereby trap exhaust gas
that resided 1n the EGR system 35 at the time of closing the
EGR valve 36 within the EGR system 35.

Execution of the process 100 advances from step 108 to
step 110 where the control circuit 50 1s operable to monitor an
operating condition, OP,, that may trigger release of exhaust
gas trapped within the EGR system 335. Thereafter at step 112,
the control circuit 50 1s operable to determine whether OP, 1s
indicative of an increase 1n engine fueling above the mini-
mum engine fueling rate. If the control circuit 50 determines
at step 112 that the operating condition, OP, 1s not indicative
of an increase 1n the engine fueling rate above the minimum
engine fueling rate, the process 100 loops back to step 110. If
instead the control circuit 50 determines at step 112 that the
operating condition, OP,, 1s indicative of an increase in the
engine fueling rate above the minimum engine fueling rate,
the process 100 advances to step 114 where the control circuit
50 1s operable to control the EGR valve 40 to at least a
partially open position to allow exhaust gas flow through the
EGR system 35 and thereby release any exhaust gas previ-
ously trapped i the EGR system 35. From step 114, the
process 100 loops back to step 104.

The control circuit 50 1s operable at steps 104-108 to moni-
tor an operating condition, OP ., and to control the EGR valve
36 to a closed position to trap exhaust gas within the EGR
system 35 1n response to detecting that the operating condi-
tion, OP , 1s indicative of the minimum fueling condition.
The control circuit 50 1s further operable at steps 110-114 to
monitor an operating condition, OP,, and to control the EGR
valve 36 to at least a partially open position to release the
previously trapped exhaust gas from the EGR system 35 ito
the intake manifold 14. Generally, the operating condition,
OP., may be any operating parameter that 1s a direct or an
indirect indicator of the engine fueling rate being at, near, or
dropping to, the minimum fueling rate, and the operating
condition, OP,, may be any operating parameter that 1s a
direct or an indirect indicator of the engine fueling rate there-
alter increasing above the mimmum engine fueling rate. In
one 1llustrative embodiment, for example, the operating con-
ditions, OP . and OP,, are both the requested fueling value,
RQF. In this embodiment, the operating condition, OP , 1s
indicative of minimum engine fueling when the requested
tueling value, RQF, 1s at, or near, the minimum engine fueling
rate, and the operating condition, OP,, 1s mdicative of a
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subsequent 1ncrease 1n engine fueling rate above the mini-
mum engine fueling rate when the requested fuel value, RQF,
increases above the minimum engine fueling rate. Alterna-
tively, the operating condition, OP , 1s indicative of minimum
engine fueling when the requested fueling value, RQF, 1s at,
or near, a threshold fueling rate that may or may not be the
mimmum engine fueling rate, and when the rate of change of
the requested fueling rate, 1.e., the rate of decrease of RQF, 1s
greater than a specified rate of change value. In either embodi-
ment, the operating condition that 1s indicative of minimum
engine fueling and the operating condition that 1s indicative of
the minimum engine fueling rate increasing above the mini-
mum engine fueling rate are both direct indicators of mini-
mum engine fueling rate and a subsequent increase 1 engine
fueling rate.

In another 1illustrative embodiment, the operating condi-
tions, OP and OP,, are both the position of the accelerator
pedal 54. In this embodiment, the operating condition, OP , 1s
indicative of minimum engine fueling when the position of
the accelerator pedal 54 1s the reference position of the accel-
erator pedal 54, and the operating condition, OP,, 1s indica-
tive of a subsequent increase 1n engine fueling rate above the
mimmum engine fueling rate when the accelerator pedal 54 1s
subsequently at a position that 1s between the reference posi-
tion of the accelerator pedal 54 and the fully depressed posi-
tion of the accelerator pedal 54. In this embodiment, the
operating condition that 1s indicative of minimum engine
tfueling and the operating condition that 1s indicative of the
mimmum engine fueling rate increasing above the minimum
engine fueling rate are again both direct indicators of mini-
mum engine fueling rate and a subsequent increase in engine
fueling rate.

In a further illustrative embodiment, the operating condi-
tions, OP-and OP,, are both functions of the oxygen content
of charge entering the engine 12 via the intake manifold 14,
the oxygen content of recirculated exhaust gas moving
through the EGR system 35 and/or the oxygen content of the
exhaust gas exiting the exhaust manifold 28. In this embodi-
ment, the operating condition, OP ,, 1s indicative of minimum
engine fueling when the oxygen content of the charge enter-
ing the intake manifold 14, the oxygen content recirculated
exhaust gas moving through the EGR system 35 and/or the
oxygen content of the exhaust gas exiting the exhaust mani-
fold 28, and or a function of any combination thereot, indi-
cates that the requested fueling, RQF, 1s at or near the mini-
mum engine fueling rate, and the operating condition, OP, 1s
indicative of a subsequent increase in engine fueling rate
above the mimimum engine fueling rate when the oxygen
content of the charge entering the intake mamiold 14, the
oxygen content recirculated exhaust gas moving through the
EGR system 35 and/or the oxygen content of the exhaust gas
exiting the exhaust manifold 28, and or a function of any
combination thereot, indicates that the requested fuel value,
RQEF, 1s increasing or has increased above the minimum
engine fueling rate. Any of the oxygen content values 1n this
embodiment may be measured via suitably located conven-
tional oxygen sensors and/or estimated using one or more
conventional oxygen content estimation techniques. In any
case, the operating condition that 1s mdicative of minimum
engine fueling and the operating condition that 1s indicative of
the minimum engine fueling rate increasing above the mini-
mum engine fueling rate 1n this embodiment are both indirect
indicators of minimum engine fueling rate and a subsequent
increase in engine fueling rate.

In yet another illustrative embodiment, the operating con-
ditions, OP - and OP,, are both the operating position of the
clutch 40. In this embodiment, the operating condition, OP ,
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1s indicative of minimum engine fueling when the clutch 40 1s
disengaged, as indicated by the clutch position signal pro-
duced by the clutch pedal position sensor 60, and the operat-
ing condition, OP,, 1s indicative of a subsequent increase 1n
engine fueling rate above the minimum engine fueling rate
when the clutch 40 1s engaged, as also indicated by the clutch
position signal produced by the clutch pedal position sensor
60. Typically, disengagement of the clutch 40 occurs when
the operator 1s attempting a shift to a different gear ratio of the
transmission 42, when the operator 1s attempting to bring the
vehicle to a complete stop, and the like, and therefore typi-
cally coincides with, or 1s followed by, a decrease in engine
fueling to the minimum engine fueling rate. Likewise,
engagement of the clutch 40 typically occurs when the gear
shift process 1s complete and/or when a gear 1s engaged to
launch the vehicle, and theretfore 1s typically followed by an
increase in the engine fueling rate above the mimmum engine
fueling rate. In this embodiment, the operating condition that
1s 1indicative of mimmum engine fueling and the operating
condition that 1s indicative of the minimum engine fueling
rate 1ncreasing above the minimum engine fueling rate are
thus both indirect indicators of minimum engine fueling rate
and a subsequent increase 1 engine fueling rate.

In still another illustrative embodiment, the operating con-
ditions, OP and OP,, are both the activation state of the
engine compression brake 72. In this embodiment, the oper-
ating condition, OP ., 1s indicative of minimum engine fueling
when the engine compression brake 1s activated, and the
operating condition, OP,, 1s indicative of a subsequent
increase in engine fueling rate above the minimum engine
fueling rate when the engine compression brake 72 1s there-
alter deactivated. Typically, activation of the engine compres-
sion brake 72 occurs when the operator removes the opera-
tor’s foot from the accelerator pedal 54 while the engine
compression brake 72 is enabled for operation, and removal
of the operator’s foot from the accelerator pedal 72 typically
causes engine fueling rapidly decrease to the minimum
engine fueling rate. Likewise, deactivation of the engine com-
pression brake 72 typically occurs when the operator there-
alter depresses the accelerator pedal 54, thereby 1ncreasing
the engine fueling rate above the minimum engine fueling
rate. In this embodiment, the operating condition that 1s
indicative of minimum engine fueling and the operating con-
dition that 1s indicative of the minimum engine fueling rate
increasing above the minimum engine fueling rate are again
both indirect indicators of minimum engine fueling rate and a
subsequent 1ncrease 1n engine fueling rate.

It will be understood that the second operating condition
for any of the embodiments described above need not be the
same 1ndicator as for the first operating condition. Embodi-
ments are contemplated 1n which, for example, the operating
condition, OP, 1s imdicative of minimum engine fueling
when disengagement of the clutch 40 1s detected, and the
operating condition, OP,, 1s indicative of a subsequent
increase 1n engine fueling rate above the minimum engine
fueling rate when the accelerator pedal 34 1s thereafter moved
to a position that 1s between the reference position and the
fully depressed position or when the requested fuel value,
RQF, 1s increased above the minimum engine fueling rate.
Those skilled 1n the art will recognmize other combinations of
the operating conditions OP .. and OP,, and any such other
combinations are contemplated by this disclosure.

Referring now to FI1G. 3, a plot 1s shown of NOx produced
by an internal combustion engine along with operational
states of some the operating parameters associated with the
engine over time to demonstrate the effect of the process 100
on NOx produced by the engine 12. The signal 150 corre-
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sponds to gear engagement such that the signal 150 has a logic
high value when a shift1s occurring, and otherwise has alogic
low value. The signal 160 corresponds to the output of the
clutch pedal position sensor 60, and the clutch pedal position
signal 160 has a logic high value when the clutch 40 1s
engaged and has a logic low value when the clutch 40 1s
disengaged. The signal 170 corresponds to the position of the
EGR valve 36, and the EGR valve position signal 170 has a
logic high value when fully open and has a logic low value
when closed. The signal 180 corresponds to the amount of
NOx produced by the engine 12 (e.g., 1n units of parts per
million, or ppm) when the EGR system 35 1s controlled in the
manner described herein.

In the example illustrated 1n FIG. 3, the EGR valve 1s
controlled as a function of the operational state of the clutch
40 1n accordance with one of the embodiments described
hereinabove. While not specifically illustrated 1n FI1G. 3, the
control circuit 30 controls the EGR valve 36 to a closed
position when the clutch pedal position signal 160 transitions
to a logic low value which 1s indicative of a disengaged clutch
40. When the shift (signal 150) 1s thereafter complete, the
clutch 40 1s re-engaged as indicated in FI1G. 3 by the clutch
pedal position signal 160 transitioning to a logic high value.
The control circuit 50 controls the EGR valve 36 to the open
position when the clutch 40 1s re-engaged as 1llustrated in
FIG. 3. Thereaiter when engine fueling increases above the
mimmum engine fueling rate, NOx begins to rise, but does
not exceed approximately 220 ppm.

In contrast, the signal 190 corresponds to the amount of
NOx produced by the engine 12 when the EGR valve 36 1s
controlled 1n a conventional manner before, during and after
a gear shift. According to the conventional EGR valve control
process 1n relation to a gear shift, the EGR valve 36 1s typi-
cally opened when the engine fueling rate decreases to the
mimmum engine fueling rate just prior to disengagement of
the clutch 40 in order to reduce fresh air tlow to the engine 12.
However, due to high air-to-fuel ratios under such conditions,
the exhaust gas produced by the engine 12 will typically have
higher than normal oxygen content. Opening the EGR valve
36 under these conditions thus results i circulating high
oxygen content exhaust gas through the EGR system 35.
When the engine fueling rate 1s increased following comple-
tion of the gear shiit, a spike in NOx produced by the engine
12 occurs, as 1llustrated by the signal 190 1n FIG. 3, as aresult
of the high oxygen content exhaust gas flowing through the
EGR system 35. In the plot of FIG. 3, for example, the NOx
spike corresponds to approximately 250 ppm. The control
techniques described herein thus result 1n a smaller amount of
NOx produced under transient conditions characterized by a
mimmum engine fueling rate followed by an increase in
engine fueling rate above the minimum engine fueling rate.

While the mvention has been 1llustrated and described in
detail 1n the foregoing drawings and description, the same 1s
to be considered as 1llustrative and not restrictive in character,
it being understood that only illustrative embodiments
thereot have been shown and described and that all changes
and modifications that come within the spirit of the invention
are desired to be protected.

What 1s claimed 1s:

1. A method of controlling an exhaust gas recirculation
(EGR) system comprising an EGR condwt fluidly coupled
between an exhaust manifold and an intake manifold of an
internal combustion engine, the method comprising:

trapping exhaust gas produced by the engine within the
EGR system 1n response to disengagement of a clutch
positioned between the engine and a transmission hav-
ing a number of manually selectable gear ratios, and
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releasing the trapped exhaust gas from the EGR system
into the intake manifold of the engine in response to
subsequent engagement of the clutch.

2. The method of claim 1 wherein the EGR system further
comprises an EGR valve disposed in-line with the EGR con-
duait,

wherein trapping exhaust gas produced by the engine in the
EGR conduit comprises controlling the EGR valve to a

closed position so that exhaust gas that 1s within the EGR

conduit when the EGR valve 1s closed 1s trapped within
the EGR conduit,
and wherein releasing the trapped exhaust gas from the
EGR system into the intake manifold comprises control-
ling the EGR valve to at least a partially open position to
allow exhaust gas flow through the EGR conduit.

3. A system for controlling recirculation of exhaust gas to
an internal combustion engine, the system comprising:

an exhaust gas recirculation (EGR) conduit having one end

fluidly coupled to an exhaust manifold of the engine and
an opposite end fluidly coupled to an intake manifold of
the engine,

an EGR valve disposed 1n-line with the EGR conduit,
an EGR valve actuator responsive to a close signal to close the
EGR valve, and to an open signal to at least partially open the
EGR valve,

a transmission having a number of selectable gear ratios,

a clutch positioned between the engine and the transmis-

sion, the clutch being movable between engaged and
disengaged positions, and

a control circuit including a memory having instructions

stored therein that are executable by the control circuit to
trap exhaust gas in the EGR condut by producing the
close signal when the clutch 1s disengaged, and to
release the trapped exhaust gas from the EGR conduait
into the mtake manifold of the engine by producing the
open signal when the clutch 1s engaged.

4. The system of claim 3 further comprising a clutch posi-
tion sensor configured to produce a clutch position signal
corresponding to a position of the clutch,

wherein the instructions stored 1n the memory unit include

istructions that are executable by the control circuit to
process the clutch position signal to determine whether
the clutch 1s disengaged or engaged.

5. A method of controlling an exhaust gas recirculation
(EGR) system comprising an EGR conduit fluidly coupled
between an exhaust manifold and an intake manifold of an
internal combustion engine having an engine compression
brake operatively coupled thereto that 1s configured to selec-
tive apply a retarding force to the engine, the method com-
prising;:

trapping exhaust gas produced by the engine within the
EGR system in response to activation of the engine
compression brake, and

releasing the trapped exhaust gas from the EGR system
into the itake manifold of the engine 1n response to an
increase i engine fueling rate following deactivation of
the engine compression brake subsequent to the activa-
tion of the engine compression brake.

6. The method of claim 5 wherein the EGR system further
comprises an EGR valve disposed in-line with the EGR con-
duait,

wherein trapping exhaust gas produced by the engine in the
EGR conduit comprises controlling the EGR valve to a
closed position so that exhaust gas that 1s within the EGR

conduit when the EGR valve 1s closed 1s trapped within
the EGR conduit,
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and wherein releasing the trapped exhaust gas from the
EGR system into the intake manifold comprises control-
ling the EGR valve to at least a partially open position to
allow exhaust gas flow through the EGR conduit.
7. A system for controlling recirculation of exhaust gas to 3
an internal combustion engine, the system comprising:
an exhaust gas recirculation (EGR) conduit having one end
fluidly coupled to an exhaust manifold of the engine and
an opposite end fluidly coupled to an intake manifold of

14

trap exhaust gas in the EGR condut by producing the
close signal when the engine compression brake 1s acti-
vated, and to release the trapped exhaust gas from the
EGR conduit into the intake mamifold of the engine by
producing the open signal a fueling rate of the engine
increases following deactivation of the engine compres-
sion brake subsequent to activation of the engine com-
pression brake.

8. The system of claim 7 further comprising an engine

the engine, 10 compression brake selector including a plurality of switches

an EGR valve disposed in-line with the EGR conduit,
an EGR valve actuator responsive to a close signal to close the
EGR valve, and to an open signal to at least partially open the
EGR valve,
an engine compression brake configured to selectively apply 15
a retarding force to the engine, and

a control circuit including a memory having instructions

stored therein that are executable by the control circuit to

that controls operation of the engine compression brake,
wherein the instructions stored 1in the memory unit include

instructions that are executable by the control circuit to
monitor the plurality of switches to determine whether
the engine compression brake 1s activated or deacti-
vated.
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